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In Brief
Picchi et al. show that hermaphroditic polychaete worms not only conditionally reciprocate egg clutches, but are also able to adjust the quality of their clutches to those previously received by their partners. This study suggests that cognitively unsophisticated animals can exhibit fine-tuned forms of reciprocation.
Reciprocity [1] is one of the most controversial evolutionary explanations of cooperation among non-kin [2, 3] . For some authors, cognitive capacity of nonhuman organisms is limiting, and more parsimonious mechanisms should apply [3] [4] [5] ; for others, the debate is mainly semantic [2, 6] , and empirical evidence can be found in a wide range of taxa [7] . However, while the ability to alternate cooperative behaviors does not settle the reciprocity controversy, the capacity to adjust cooperative behavior to the value of received help could prove decisive. Marine polychaete worms Ophryotrocha diadema, as several simultaneous hermaphrodites, do not self-fertilize and have unilateral mating (i.e., they behave either as females or as males during each mating event). They are also external fertilizers and thus cannot store allosperm, which contribute to make them ideal model organisms to investigate reciprocity, since partners usually alternate sexual roles with each other, repeatedly exchanging egg clutch of variable size [8] [9] [10] [11] [12] . However, whether the alternation of sexual roles is the result of conditional reciprocity rather than by-product reciprocity has never been tested [13] . Here, we show that O. diadema worms reciprocate eggs conditionally to the partner's behavior and adjust the quality of cooperation according to that of their partners. Moreover, only egg reciprocation offers similar fitness returns via both the female and the male function with respect to non-reciprocating laying strategies. These results document that fine-tuned forms of conditional reciprocity can emerge in cognitively unsophisticated animals, broadening the criteria to recognize conditional reciprocity among animals.
RESULTS
Daily, we observed the egg-laying activity of 39 isolated dyads of sexually mature hermaphroditic Ophryotrocha diadema worms for up to 49 days. For each dyad, we identified a ''focal'' individual taking advantage of a natural polymorphism for the egg color: wild strain worms produce yellow eggs, whereas albino worms produce white eggs. Since eggs are visible through the transparent body walls before they are laid and through the transparent jelly cocoons after that, we could identify the individuals in the dyads and assign clutch maternity (see STAR Methods for details).
Overall, worms produced 507 egg clutches (each containing several eggs) (focal worms: 257; their partners: 250 clutches), out of which 79.5% (N = 403) were reciprocated (i.e., laid after the partner laid, Figure S1 ). We tested whether the number of reciprocated egg clutches was larger than that expected in random sequences with runs tests, and we found that, in 30 out of 39 dyads, worms significantly alternated sexual roles (p % 0.05), and overall did so significantly more often than expected by chance when all p values where combined (Fisher's combined probability test, p < 0.0001).
Regular alternation between layings and fertilizations of egg clutches of variable size has been documented in several simultaneous hermaphrodites with unilateral mating (see below), such as fish (e.g., genera Hyploplectrus and Serranus [8] [9] [10] ) and marine worms (genus Ophryotrocha [11, 12] ). Indeed, even if simultaneous hermaphrodites produce both sperm and eggs and reproduce via both the female and the male sexual functions, some of them must have a partner to reproduce and behave either as females or as males during a single mating event, i.e., they are outcrossers and have unilateral mating. Unilateral mating sets the stage for a conflict between partners since partners may share the preference for the same sexual role (e.g., the male role may be preferred because sperm are cheaper than eggs to produce [13] [14] [15] [16] [17] ). In the aforementioned species, the alternation of sexual roles has been interpreted as conditional egg reciprocation (in which giving eggs is conditional upon receiving them), evolved as a solution to the conflict over the sexual role [18, 19] . However, regular alternations of sexual roles may arise irrespective of the partner behavior as random alignments of two separate, relatively regular, rhythms of egg maturation and release since the egg laying by one individual and the next by its partner necessarily occur at a certain delay (''by-product reciprocity'' [13] ; Figure 1 ).
We therefore investigated whether the alternation of sexual roles is the result of actual conditional reciprocity, testing whether egg-laying activity was conditional upon the partner behavior and, if so, whether hermaphrodites assessed the quality of received cooperation and responded accordingly. Previous studies suggest that O. diadema worms prefer to mate as males [20] [21] [22] making it likely that a conflict over the sexual role arises and that conditional reciprocity emerges as a solution to the conflict.
Conditionality in Egg Reciprocation
To confirm that the alternation of egg clutches between partners was the result of conditional egg reciprocation, we tested whether the probability of egg laying by the focal worms was affected by the time elapsed since the partner's last egg laying ( Figure 2 ). Under the hypothesis that worms reciprocated eggs conditionally, we expected that the likelihood of egg laying by the focal worms was at its highest soon after their partners laid and gradually decreased later on. Vice versa, under the hypothesis that the alternation of sexual roles emerged by chance from the alignment of the two independent physiological rhythms of egg maturation and release of two partners (by-product reciprocity), we expected that focal worms laid eggs regardless of their partner's behavior.
As expected under the hypothesis of conditional reciprocation, focal worms were significantly more likely to lay soon after their partners laid (Andersen-Gill proportional hazard model: b = À0.081 ± 0.028, c 2 = 8.290, n = 39, p = 0.004; Figure 3A ). (Worms laying depended also significantly on age, with younger worms being more likely to lay than older ones: b = À0.895 ± 0.103, c 2 = 39.272, n = 39, p < 0.0001; and on body size, with longer worms laying less often than shorter ones: b = À0.112 ± 0.038, c 2 = 8.471, n = 39, p = 0.004, likely because longer worms laid larger cocoons [see below] and thus needed more time to mature them.)
We further tested whether conditionality in egg reciprocation (i.e., the effect of the partner's behavior on focal worm's laying probability) might have emerged by chance as a result of two mathematical series' that keep repeating. To this aim, we performed an agent-based simulation where ''virtual worms'' (N = 78,000) were programmed to lay eggs following the simple rule ''lay when your eggs are mature'' (i.e., the probability of laying by virtual worms depended only on when they laid the last time; such probability was computed from the data collected in real worms; see STAR Methods for further details). We randomly paired such virtual worms and created 1000 groups, each composed of 39 different pairs of worms. For each group, we tested whether the time since the partner's last egg laying affected the probability that the virtual focal worms laid and compared the results with those obtained from real worms. Only 37 out of 1,000 models showed results comparable to those from real worms (i.e., b < 0 and p % 0.05), which indicated that the probability to get data suggesting conditional reciprocity when instead worms laid eggs irrespective of their partners' behavior was small (probability to get a false positive result: p = 0.037, Figure S2 ). Conversely, the simulated data highlighted that the simple alternation of sexual roles can easily emerge when worms lay regardless of the partner behavior: 67% ± 12.4 (mean ± SD) of layings were alternated. Moreover, running a runs test on a group of 39 virtual dyads, in which the probability of laying by focal worms was not significantly affected by the time elapsed since the partners' last egg laying (Andersen-Gill proportional hazard model: b = À0.010 ± 0.017, p = 0.576), indicated that worms alternated sexual roles more often than expected by chance (70% of laying where alternated; run tests were significant [p % 0.05] in 11 out of 39 dyads; overall p < 0.0001 with Fisher's combined probability test). These results strongly suggest that the alternation of sexual roles arises 
Figure 2. Schematic Representation of Observations on Isolated Dyads and Data Processing Criteria
Each box delimited by dashed, light-gray lines is a different day. Oblong-shapes represent egg clutches (each containing several eggs) by the focal worms (dark gray) and by their partners (light gray). See the main text for the description of clutch type. See also Figure S1 . also from the random alignment of two separate rhythms, while the modulatory effect of the partner behavior does not ( Figure 1 ).
Quantitative Matching between Offered and Received Cooperation
Since the focal worms' clutch size was significantly different among individuals (ANOVA: F = 3.454, n = 39, p < 0.0001), but weakly correlated within individuals (Intraclass Correlation Coefficient, ICC1: r I = 0.327; Figure S3 ), we investigated whether focal worms reciprocated conditionally not only in terms of quantity (i.e., number of clutches) but also in terms of quality (i.e., clutch size, measured as number of eggs per clutch). Worms significantly adjusted the quality of their cooperation to that received by partners, as shown by a significant positive effect of the partners' clutch size on focal worms' (LMM: b = 0.210 ± 0.065, F = 10.274, n = 39, p = 0.002): focal worms laid large clutches after their partners laid large clutches ( Figure 3B ; Figure S4 ). (In addition, younger and longer worms laid significantly larger clutches, LMM: Time in the experiment: b = À0.511 ± 0.072, F = 50.445, n = 39, p < 0.0001; Body size: b = 3.644 ± 0.559, F = 42.492, n = 39, p < 0.0001).
Fitness Returns for Reciprocating versus Nonreciprocating Laying Strategies
We showed in the previous paragraph that, when the clutches were reciprocated, focal worms adjusted their size to that of the received clutches, which suggested that worms that fertilized more eggs also laid more eggs. However, it was unclear whether worms adjusted their clutch size also when they received or laid more than one clutch in a row. For example, worms might have adjusted the size of their clutches to the total number of eggs received since their last laying (in case they had laid more than one clutch in a row) or might have reduced their clutch size in case their partners did not reciprocate eggs. Thus, we classified clutches as either reciprocated (when the worms laid after their partners), more-male (when the partners laid twice in a row, and thus the focal worms fertilized twice in a row), or more-female (when the focal worms laid twice in a row; Figure 2 and STAR Methods). Then, we tested whether the fitness of focal worms was affected by how often they adopted the different laying strategies (fitness was measured as the number of eggs laid and fertilized, since hermaphrodite fitness has both a male and a female component).
Worms that reciprocated more often gained similar total fitness returns in the male and in the female function (GLMM: b = 0.07 ± 0.025, c 2 = 7.64, n = 38, p = 0.006; Figure 4A ), while the other laying strategies promoted fitness in different ways depending on the sexual function (as shown by the significant interactions between sexual function and the number of more-male [GLMM: b = 0.14 ± 0.054, c 2 = 6.96, n = 38, p = 0.008] and more-female clutches [GLMM: b = À0.09 ± 0.039, c 2 = 5.23, n = 38, p = 0.022], Figures 4B and 4C ).
Analyzing the data by sexual function, fitness via the male function significantly increased with the number of more-male clutches (GLMM: b = 0.17 ± 0.049, c 2 = 12.55, n = 38, p < 0.001), while that via the female function did not. In contrast, there was a significant, negative effect of the number of more-female clutches on fitness via the male function (GLMM: b = À0.12 ± 0.04, c 2 = 8.29, n = 38, p = 0.04), and no effect on that via the female function.
DISCUSSION
Since Trivers' seminal paper publication in 1971 [1] , reciprocity has been considered as a key explanation for cooperation among non-kin in a large variety of animals (from fish [23] to rats [24] and bats [25] up to primates [26] and humans [27] ). However, the power of reciprocity as a mechanism favoring cooperation has been, and still is, hotly debated because reciprocation is considered too cognitively demanding [4, 28] and, therefore, rare (if not absent) outside humans [4] .
Our results add to those of recent papers [29, 30] in providing strong evidence of reciprocity in non-human organisms: worms were more likely to lay soon after their partners. A short-term temporal relation between cooperative action and reciprocation is considered the hallmark of hard-wired conditional reciprocity [31, 32] , which is expected to work in cognitively unsophisticated animals, as it does not require partner recognition or stable social relationships, and recipients are expected to respond to cooperation by returning the ''favor'' quickly [33] .
An increase in the stability of cooperation with a diminishing time delay between giving and receiving is in accordance also with theoretical predictions [34] , which show that cooperation is particularly stable when two individuals act simultaneously; under the authors' mathematical assumptions, introducing a delay between giving and receiving help adds a cost to cooperation, making its evolution less likely [34] . The fact that worms pay a cost by reciprocating at intervals of days suggests a strong selective pressure for the evolution of reciprocity in these animals, which may be represented by the benefit of resolving the conflict over the sexual role [13, 16] . Under this view, providing evidence for conditional reciprocity provides support for the existence of a sexual conflict in O. diadema worms and, thus, that there is a consistent preference for mating in the same sexual role.
Our data show how reciprocating eggs represents a solution to such a conflict, whereby partners share reproductive costs and achieve equal fitness pay-offs [13, 19] ; it is indeed only by reciprocating eggs that worms gained similar fitness returns via both the male and female function.
Conditional egg reciprocation is a key behavior for several hermaphrodites with unilateral mating, and its crucial importance is not limited to solving the conflict over the sexual role, but it extends to promoting the evolutionary stability of hermaphroditism. In fact, simultaneous hermaphroditism is thought to be favored under low population density, where mating may often occur in isolated dyads [35] . Egg reciprocation might play a crucial role in the maintenance of hermaphroditism when population density increases, as shown theoretically by Henshaw and colleagues [36] . As eggtrading increases the value of eggs (which are used as ''bargaining chips''), hermaphrodites which invest large amounts of their reproductive resources in the female function are favored. The femalebiased sex allocation prevents pure females from invading egg-trader populations, because the fitness of pure females should be twice as high as the fitness of trading hermaphrodites via the female role [36, 37] . Experimental evidence of the central role of egg-trading in the maintenance of hermaphroditism comes from the chalk bass Serranus tortugarum, which live in relatively dense social groups, where partners of monogamous pairs regularly alternate sexual roles throughout spawning bouts [10] .
Finally, this study is, to our knowledge, the only one providing evidence of reciprocity in invertebrates, which are often not reported in papers about reciprocity [e.g., 3, 7] . The rarity of clear evidence of reciprocating invertebrates makes it even more interesting that here, we document for the first time a quantitative matching between received and reciprocated cooperative acts; a quantitative assessment may prove to be decisive in settling the reciprocity controversy along with the qualitative effect on reciprocation propensity recently documented in rats [38] .
It remains unclear whether worms recognize their partners and are more likely to offer their eggs to the worms that offered them before (''direct reciprocity''). Worms may indeed follow the simple rule ''lay eggs after receiving them'' regardless of their partner identity, thus performing ''generalized reciprocity,'' which is evolutionary stable when individuals interact in small groups [39] (as expected in this species [40] and, in general, in hermaphrodites [35] ; see STAR Methods).
In conclusion, this study documents that cognitively unsophisticated animals not only reciprocate conditionally to the behavior of another individual, but also assess the value of the received help and finely tune their behavioral response.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Ophryotrocha diadema worms are 4-mm-long, interstitial, marine polychaetes, which live among the detritus and fouling fauna of polluted harbors [41] . They are expected to live at low population density, as is often the case with interstitial organisms [42] [43] [44] .
They are outcrossing simultaneous hermaphrodites with unilateral mating, meaning that individuals cannot self-fertilize, they need a partner to mate and cannot release sperm and eggs at the same time: they mate either as females or as males [11] . Before reaching full sexual maturity, worms go through a 5-6-week-long protandric, adolescent phase that begins soon after larvae hatch from the egg cocoon at a body length of 6 chaetigerous segments (i.e., the segments bearing the setae which are characteristic of polychaete worms); during this phase they produce functional sperm [41] . When worms reach a body length of 14-15 chaetigerous segments, they become fully sexually mature simultaneous hermaphrodites and produce both sperm and eggs (egg are laid each 3-4 days, in a jelly cocoon containing on average 25 eggs) [11, 41] .
Fertilization is external and achieved by pseudo-copulation, which follows a relative complex behavioral sequence where the two partners stay in physical contact for a long time (8+ hs [11] ), prior to the rapid synchronous release of gametes inside the jelly cocoon (as described in O. gracilis by Westheide [42] ).
In this study, we used worms derived from individuals collected by B. Å kesson in 1976 and 1980 in the Los Angeles and Long Beach harbors [20, 41] . New individuals were added to the laboratory strain in 1995 and 2001 (kindly sent to G. Sella by B. Å kesson), and again in 2008, when worms of O. diadema were collected at Porto Empedocle (Sicily, Mediterranean Sea) by R. Simonini [45] .
Individual identification of worms is made possible via a genetically determined polymorphism in the color of the eggs, which are either yellow (wild strain) or white (''albino'' strain). The yellow coloration is determined by a dominant allele that controls for the storing of lutein in the egg vitellum, while the white coloration is due to a recessive allele that prevents lutein uptake [46] .
For the experiment, worms were kept in 10 mL bowls, and, following Å kesson [41] , kept in artificial marine water, in a thermostatic cabinet at 20 C, in the dark, and fed spinach ad libitum.
METHOD DETAILS
Individuals used in the experiment were sexually mature, virgin worms (i.e., they had ripe oocytes in their coeloms), selected from the offspring of 78 isolated pairs (39 pairs per egg-color phenotype). Worms were reared with their siblings until they began maturing oocytes (9-12 chaetigerous segments) and then kept in isolation until they had ripe oocytes, when they were introduced into the experiment (at an age of 6-8 weeks). Worms used in the experiment were not siblings (they came from different parental pairs).
We set up 39 pairs of worms, each composed of a yellow-phenotype worm (focal individual) and a white-phenotype worm, which allowed us to identify worms and assign maternity and paternity. Worms were randomly paired with regard to body size; however, due to their similar age and development conditions, they had approximately the same size (18 ± 1 segments (mean ± s.d.)].
Each day, for up to 49 days, we checked which worm laid eggs, we counted the number of eggs per cocoon, if any, and measured the body size of the focal worm (i.e., the number of chaetigerous segments). The development of O. diadema eggs can be followed at low magnification [40] , therefore, we used the developmental stage of the eggs to assess which worm laid first, when two cocoons were laid the same day.
Egg cocoons were removed once per week (before larvae left the egg cocoon), when water and food were renewed. The experiment lasted 49 days and was replicated 4 times (reaching a total of 39 pairs); in case worms died or got sick (i.e., they were tangled in their mucus or lost body parts and became shorter than 15 segments), data collection stopped (data collection lasted on average 34.1 days ± 11.7 s.d.).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing
We measured the time interval between two consecutive egg layings by the focal worms and that between the last egg laying by the partners and the next egg laying by the focal worms. We classified each clutch as reciprocated when the focal worm laid after its partner, as a more-female clutch when the focal worm laid twice in a row, and as a more-male clutch when the focal worm's partner laid twice in a row (i.e., the focal worm fertilized the partners' eggs twice in a row and did not lay in between). As a measure of aging, we counted the number of days worms spent in the experiment, where the worms were paired at day 0 and day 1 is the first day of observation. When possible (see below), we used this variable to account for the effect of aging since it accounted for the time worms spent reproducing.
Statistical analyses
Since worms belonged to two strains (yellow-or white-phenotype), we first checked whether there was a difference between strains in the clutch size and in the time interval necessary to produce two consecutive layings by the same individual. We did that using a generalized linear mixed model (GLMM) for Poisson distributed data, including the time spent in the experiment (as a fixed effect) to account for the potential effect of aging, and pair ID and experimental replicate (as random effects). There was no significant difference between strains in the time interval between consecutive layings (focal worms laid each 4.1 days ± 0.1 (mean ± s.e.) and their partners each 3.9 days ± 0.1; GLMM: b = 0.057 ± 0.044, c 2 = 1.668, n = 39 pairs, p = 0.196). In contrast, there was a significant, difference in the size of the clutches produced by white-phenotype worms (partners) (on average 22.2 ± 0.7 eggs/clutch), and those produced by focal worms (24.6 ± 0.8 eggs/clutch) (GLMM: b = -0.107 ± 0.043, c 2 = 6.367, n = 39, p = 0.012) as described by Å kesson [41] .
(G)LMMs (including the ones below) were performed with the R package lme4 [47] . Following Hart and colleagues [10] , we tested whether reciprocation of egg clutches within dyad occurred more often than expected by chance with runs tests performed with the R package randtests [48] and we used the Fisher's method for combining independent p values to assess whether the number of alternation of sexual roles was greater than expected in random sequences when all data were combined (R package metap [49] ;).
To investigate whether the alternation of sexual roles was the result of conditional reciprocity or the outcome of by-product reciprocity, we tested whether the probability of laying by the focal worms was affected by the time elapsed since the partner's last egg laying with an Andersen-Gill proportional hazard model [50] , which accounted for left truncated and right censored data (R package survival [51] ;). We included in the model the body size of focal worms and their age as fixed effects, and we clustered the observation by pair ID and experimental replicate. In this analysis we included the age of the worms rather than the time they spent in the experiment to account for aging, since, in this kind of models, the observation time is included as the response variable. The time since the partner's last egg laying was higher than 9 days in only 3 cases; however, removing these cases did not affect the model results (Andersen-Gill proportional hazard model: Time since the partner's last egg laying: b = -0.070 ± 0.033, c 2 = 4.422, n = 39, p = 0.036; Age: b = -0.898 ± 0.105, c 2 = 37.594, n = 39, p < 0.0001; Body size: b = -0.113 ± 0.039, c 2 = 8.699, n = 39, p = 0.003).
We obtained similar results when running an analogous model on the probability of laying by partners (Andersen-Gill proportional hazard model: Time since the yellow-phenotype partner's last egg laying: b = -0.083 ± 0.031, c 2 = 22.726, n = 39, p < 0.0001; Age: b = -0.887 ± 0.098, c 2 = 40.560, n = 39, p < 0.0001), which documents that the results are not strain-dependent.
We tested at what extent clutch size was correlated within (focal) worms using the Intraclass Correlation Coefficient (ICC1) (R package multilevel [52] ), which was calculated from the ANOVA model that included the number of eggs/clutch as response variable and the worm ID as predictor (we report the F and p value for the ANOVA).
As the clutch size was highly variable within individuals, we investigated whether worms adjusted the cooperation level to that received by the partner, testing with a LMM whether the size of the clutches reciprocated by the focal worms was associated with that of the last clutch laid by the partner no longer than 7 days before (such a time interval includes 95% of the clutches and represents the maximum interval eggs were left in the bowl before removal). We also included in the model the body size of focal worms, the time spent in the experiment, the time since the last egg laying by the focal worms, the time since the partner's last egg laying and the interaction between the latter and the number of eggs in the partners' clutch as fixed effects (pair ID and experimental replicate were entered as random effects). The time since the last egg laying by the focal worms was included as we could expect larger clutches after longer time interval, while the time since the last partner's laying and its interaction with the size of the last partner's clutch were included to test whether the quantitative matching was stronger when the two layings (one by the partner and the other by the focal worm) were closer in time. The two variables and the interaction were then dropped from the model since they were non-significant and the simplified model had a lower AIC (LMM: Time since the focal worm's last laying: b = -0.094 ± 0.461, F = 0.042, n = 39, p = 0.838; Time since the partner's last laying: b = -0.384 ± 0.540, F = 0.505, n = 39, p = 0.478; Interaction time since the partner's last laying* size of the last partner's clutch: b = -0.048 ± 0.045, F = 1.102, n = 39, p = 0.295).
To investigate how reciprocated and non-reciprocated clutches affected the fitness via the male and female function we used a GLMM for Poisson distribution (log link function). Here, the response variable was the cumulative number of eggs laid or fertilized by the focal individuals (since 90% of the eggs typically develop in free-swimming larvae [53] ) and we included the number of reciprocated, more-male and more-female clutches and the sexual function (male or female) through which fitness was achieved as fixed effects, as well as the interactions between sexual function and the number of reciprocated, more-male and more-female clutches. The time worms spent in the experiment was included as an exposure variable. For each worm we measured fitness via both the male and the female function; therefore, each worm was represented twice and we included the pair ID and experimental replicate as random effects; we also added an observation-level random effect to account for overdispersion.
The interaction between the number of reciprocated layings and the sexual function was not significant (GLMM: b = 0.038 ± 0.028, c 2 = 1.736, n = 38, p = 0.188) and thus dropped. Before running the model, we checked for outliers using Tukey's method [54] , which uses an interquartile (IQR) approach. A pair of worms had a number of less-cooperative layings which ranged above 1.5*IQR and was excluded from the analysis.
We performed two separate GLMMs (Poisson distribution) to test for the association between laying strategy and fitness via the female or male function. We included in the analysis the same variables as above, except for the sexual function and pair ID (each focal worm was represented once).
In all the analyses, we formulated models that addressed specific hypotheses and evaluated the model fit as well as the significance levels of the variables; non-significant terms and interactions were dropped one by one, and we retained the models with the lowest AIC (Akaike Information Criterion). Results are reported for the reduced models.
Analyses were performed in R 3.4.4 [55] . The graphs resulting from GLMMs were drawn with the R package ggplot2 [56] , using the estimate values of the intercept and the predictor variables of interest, while keeping the values of the other covariates constant (either as mean values or as zero) and averaging the effect of the random factors.
Agent-based simulation
In the agent-based simulation, we programmed virtual worms to use the simple rule ''lay when your eggs are mature.'' The physiological rhythm of egg-maturation and release (that is, the time interval between two consecutive egg layings by the same individual) was computed using real data obtained from the 78 experimental worms (regardless of their strain). We built a logistic regression model (GLMM for binomial distribution) where the probability of laying eggs by worms depended on the time since their own last laying (we included pair ID as a random effect) and we obtained the logistic function linking the probability of egg laying to the time since the last laying, which we used to program virtual worms (GLMM: Intercept = -1.87; Slope = 0.15; n = 78). In this way, each virtual worm had a given probability to lay eggs which varied as a function of the time since its last laying. For example, at time t, worms which laid at time t-1 had a probability of laying of 0.15 [1/(1+exp(-(0.15*1-1.87)))]; the worms which did not lay at time t, had a probability of laying at time t + 1 of 0.17 [1/(1+exp(-(0.15*2-1.87)))] since two days had passed since their last laying, while worms which laid at time t had again a probability of 0.15.
We established when the virtual worms laid their first clutch and how much time they spent in the virtual experiment using the empirical distribution of the two variables (i.e., the values were randomly chosen from the list of the real data, so that more common values were chosen more often).
We simulated 39,000 virtual dyads of worms and generated a dataset analogous to the real one, with 1,000 groups of 39 individuals each. On each group, we performed an Andersen-Gill proportional hazard model, where we tested whether the probability of laying eggs by focal virtual worms was affected by the time since the last partner's egg laying, and we clustered by pair ID. We then compared the results of these models with those of the model on real data, which included the same variables, and we computed the probability to get the same results from simulated data (i.e., a negative coefficient and a significant p value).
Finally, on one group of 39 individuals, randomly chosen among groups with non-significant results, we performed standard runs tests to test whether the virtual worms alternated sexual functions more often than expected by chance, and we combined the p values with the Fisher's methods (as we did on real dyads).
The agent-based simulation was performed with Python 3.6 and, as above, the data analyses with R 3.4.4 [55] .
DATA AND SOFTWARE AVAILABILITY
The original data underlying this manuscript can be accessed from Mendeley: https://doi.org/10.17632/wr7w5zxzp6.1.
